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ABSTRACT
Leonardite has been considered as a substitute for bentonite as 
an iron ore pellet binder since it would impart less undesirable impu­
rities to the iron ore. In the case of leonardite, pellet binding 
strength is believed to be derived from the formation of leonardite- 
water gel systems. In this respect, the gels formed by addition of 
sodium hydroxide ("sodium gels") or sodium hydroxide and calcium hy­
droxide ("calcium gels") to leonardite-water slurries are of interest.
Procedures were developed giving reproducible results in the 
preparation and study of these gel systems. The effects of variable 
composition, temperature, time and order of reagent addition on gel 
viscosity was determined. Viscosities, as measured by a Brookfield 
Viscometer ranged from 10 to greater than 8,000,000 cp. for both 
systems studied.
Maximum sodium gel viscosities were achieved at sodium 
hydroxide:leonardite ratios between 0.08 and 0.12. Increased 
leonardite:water ratios resulted in increased viscosities.
Calcium gels had high viscosities over a broader range of 
compositions and at lower leonardite:water ratios.
Both gel systems studied were non-Newtonian, thixotropic and 
became more viscous at lowered temperatures.
The gelling phenomena in both systems were attributed to the 
formation of a lattice network of humic acid molecules linked by 
divalent calcium ions.
viii
CHAPTER I
INTRODUCTION
Leonardite is a naturally oxidized lignite occurring in virtually 
all lignite outcrops in North Dakota. It was named after Professor A. G. 
Leonard, former head of the Geology Department at the University of North 
Dakota, who did much of the early study on this mineral (1). Humic acid 
is the principal organic constituent and imparts gelling properties to 
leonardite.
Due to its abundance, low cost and gelling properties, leonardite 
has been studied as an iron ore pellet binder since 1955. The binder 
used commercially is bentonite clay, consisting mainly of alumina and 
silica which are undesirable impurities in the iron ore. Since the cost 
of the two materials is comparable, the essentially organic leonardite 
would be preferable to bentonite if equal pellet strength could be 
attained and a suitable process developed. It has been estimated that 
by 1975 approximately 7,000,000 tons of leonardite per year would be 
required if leonardite replaced bentonite as a binder (2).
Experimentation has shown that satisfactory pellets can be 
manufactured using leonardite (3, £). However, in most testing, there 
has been an indication that leonardite bound pellets are inferior in 
green or wet strength (3, 4, 5). Green or newly formed pellets must 
be strong to avoid deformation during handling and transportation.
1
2Work by Professor A. M. Cooley at the University of North Dakota indi­
cated that there is a correlation between the viscosity of a binder 
and the green pellet strength (4). This focused attention on the study 
of leonardite gel systems. Preliminary work by Adams (6) showed that 
the composition of a leonardite gel can greatly affect its properties. 
This work involved the addition of leonardite to calcium oxide and 
sodium hydroxide in water.
The most successful leonardite pelletizing experiments involved 
a gel system of leonardite and sodium hydroxide to which calcium hydrox­
ide and water were added. The research reported here was undertaken to 
expand the knowledge of this gel system in a fourfold manner. First, 
an experimental procedure giving a high degree of reproducibility in 
the preparation and testing of leonardite gels was established. Second, 
the rheological properties of the underlying leonardite, sodium hydrox­
ide and water gel system were defined. Third, the effect of adding 
calcium hydroxide to the sodium gel system was determined. Finally, 
the observed phenomena was explained in terms of chemical reactions.
The main experimental results show the effects of variable 
composition, order of reagent addition, time, temperature and visco­
meter parameters on gel viscosities. Further results show the degree 
of reproducibility attainable in the gel formation and testing using a 
carefully controlled procedure. The range of material variation studied 
per 100 ml. water was 5 to 50 grams of leonardite, 0 to 20 grams NaOH 
and 0 to 28 grams CaCOH^. Temperatures ranged from 25°C. to 45°C. The 
time of interest in this experimentation was the time from mixing to cal­
cination of a green pellet in a commercial process, approximately 15
minutes.
3However, some experimentation on gel behavior covered a period of over 
four hours. The range of viscosities observed was 10 to over 8,000,000 
cp.
It is felt the results of this thesis are applicable to the use 
of leonardite as an iron ore pellet binder and to the systematic study 
of these or other leonardite gel systems.
CHAPTER II
PREVIOUS WORK
A commonly used definition of humic acid given by Steelink (7) 
is: "that portion of the soil organic matter which is soluble in base
and insoluble in mineral acid and alcohol." This definition is also 
applicable to humic acid in leonardite. Although the properties of 
humic acids vary somewhat with origin and environment, certain char­
acteristics are common to all specimens. They have a dark brown color 
and are said to be macromolecular polyelectrolytes with molecular 
weight estimated to range from 800 to 500,000 (7). Most researchers 
agree that humic acids are cyclic compounds whose principal functional 
groups are carboxyl, hydroxyl, methoxyl and carbonyl (7,' 8, 9, 10).
Structure of Humic Acids
From evidence based on studies using ultrasonic fields and 
X-ray diffraction, Wood and associates (11) postulate that the most 
probable skeletal structure for humic acid involves three to four 
condensed ring aromatic systems interlinked by -0- and -Q^- bridge 
structures. This hypothesis is supported by Yakokow and Hajuyana 
(12), and by Abbott (13). The work of Wood also suggests that a 
linear molecular structure is unlikely since humic acids are very 
stable in high-intensity ultrasonic fields.
4
5There is strong evidence that humic acids in leonardite are 
present as water insoluble calcium salts (1). Some researchers have 
reported that free uncomplexed humic acid is water soluble (7). The 
alkaline salts of humic acid form a colloidal dispersion in water. 
Abbott (13) formed colloidal sols by reacting insoluble humic acid 
with sodium hydroxide. It was found that the minimum amount of 
sodium hydroxide required to disperse one gram of humic acid varied 
from 0.15 grams to 0.22 grams for different samples. The sols were 
hydrophylic and behaved as typical reversible colloids, their micelles 
carrying negative charges. The isoelectric points were estimated to 
lie between pH 2.6 and pH 2.9.
Khanna and Bajwa (14) showed by electrometric titration of 
humic acid with Ca(0H)2 that out of six carboxyl groups per molecular 
weight, two are very acidic and are not available for reaction with 
calcium ions. Two form a very stable complex with calcium ions and 
the remaining two react with calcium to a lesser extent. They found 
no evidence that phenolic groups participated in the reaction with 
calcium. Conductivity determinations by Bakken and Hnojewyj (15) 
titrating humic acid with sodium hydroxide and hydrochloric acid 
indicated there are at least five carboxyl groups having different 
dissociation constants involved in reactions with sodium hydroxides.
From elemental and function group analyses, Fowkes and Frost 
(9) proposed the following formula for leonardite:
c140H126°5(COOH)l7(OH)7(c°)l0(OCH3)
A similar formula for lignite was given as:
C192H148° N3 S(COOH)1 0(OH)1 0 (CO)9(OCH3)
6These formulas give molecular weights of 3,080 for leonardite and 3,450 
for lignite.
Leonardite Gels and Pelletization
The remainder of this chapter is devoted to a discussion of 
leonardite gel and pelletization experiments. For ease of notation, 
combinations of leonardite, sodium hydroxide and water are herein 
termed sodium gels. Combinations of leonardite, sodium hydroxide, 
calcium hydroxide and water are termed calcium gels.
Sodium and calcium gel systems have been studied by Professor 
A. M. Cooley of the University of North Dakota. His results appear 
in unpublished papers "Leonardite as a Binder for Taconite Concen­
trates" and "Progress Report on Leonardite." He found that the 
viscosity of sodium gels reached a maximum at eight per cent NaOH 
(based on dry solids) and that additional sodium hydroxide decreases 
viscosity. For calcium gels, he reports that upon adding calcium 
hydroxide to sodium hydroxide-treated leonardite, no appreciable 
increase in viscosity was noted until 0.224 grams calcium hydroxide 
per gram of leonardite was added. In all tests the composition was 
22.5 grams of solid per 350 milliliters water. These findings are 
in good agreement with the results of this research.
Adams (6) studied gel systems formed by adding leonardite to 
water solutions of sodium hydroxide and calcium oxide. The samples 
were mixed for 30 seconds and set in a water bath at 28°C for 25 
minutes. Their viscosity was then measured with a Brookfield Visco­
meter using a T-bar spindle and a heli-path stand. The spindle num­
bers and speeds of rotation used were unspecified. His main conclusions
7were: (1 ) gels having viscosities up to 10  ^cp. could be formed,
(2) viscosities of leonardite gels vary inversely with temperature, and
(3) leonardite gels are thixotropic.
Even though the range of variables, materials and experimental 
methods differ from those presented in this research, some comparison 
of results can be made. For example, upon adding 80 grams of leo­
nardite to 360 ml. of H2O containing 16 and 24 grams of CaO, a marked 
viscosity peak was obtained at a sodium hydroxide:leonardite ratio of 
0.05. By comparison, it is predicted from the results of this present 
research that a plateau of very high viscosities would extend from a 
sodium hydroxide:leonardite ratio of 0.03 to 0.20 if 21 grams of Ca(0H)2 
were added. This sort of comparison indicates that the results of the 
two studies are to a degree comparable. However, principal focus of 
the research reported here is the sodium gel system which was not 
studied by Adams.
In a commercial process as much water as possible is removed 
from the iron ore concentrate by filtration, usually resulting in 8 
to 10 per cent moisture at the processing point where leonardite is 
added. It is not desirable to add more water. Hence, the gel used 
as a binder must be effective with this amount of water available.
The mixing of binder with concentrate is usually accomplished 
using a reel-type mixer. Pellet quality using leonardite is improved 
when a better mixing technique is employed. Order of addition of 
reagents has also been shown to greatly affect pellet quality.
Fine and Wahl (3) investigated various additives to leonardite 
to determine which combinations produced a colloidal gel capable of
8binding iron ore into acceptable pellets. The additives tested in order 
of decreasing effectiveness were NaOH, Na2C03, Na2B40j-10H20, NaHCC>3 , 
Ca(0H)2 and BaCC>3 based on dry pellet strength. The taconite concentrate 
contained 0.5 per cent leonardite by dry weight. Increasing the leo- 
nardite content from 0.5 per cent to 0.75 per cent, using NaOH as an 
additive, raised the dry pellet strength by over 10 per cent. Maximum 
pellet strengths were obtained at sodium hydroxide:leonardite dry 
weight ratios from 0.08 to 0 .1 1 for all leonardite concentrations 
studied. Addition of calcium hydroxide to form a binder having a 
calcium hydroxide:leonardite ratio of 0.22, and a sodium hydroxide: 
leonardite ratio of 0.08 did not significantly increase pellet strength. 
Humic acids extracted from leonardite were found to be superior to as- 
mined leonardite as a binder. Fine and Wahl reported that this " . . .  
was expected since sodium humate is the effective bonding agent derived 
from leonardite." This U. S. Bureau of Mines research also showed 
that leonardite binders were comparable to bentonite binders except 
in green pellet strength.
Experimentation at U. S. Steel Company (5) comparing bentonite 
to a leonardite-trona additive showed that pellet moisture content is 
a significant factor in pellet strength. The active ingredients in 
trona are NaCC^ and NaHCC^’^ O. The optimum pellet moisture content 
using bentonite was 10.4 per cent, using leonardite 8.8 to 9 per cent, 
and no binder 8.7 per cent. Again it was found that leonardite binder 
pellets were inferior in wet or green strength.
Pilot plant pelletization -work was conducted at Pickands Mather 
Company (4) comparing bentonite and soda ash to leonardite and hydrated
9lime as binders. In the initial test sixteen pounds of leonardite and 
four pounds of hydrated lime per long ton of ore were added to the con­
centrate, forming irregular and clustered pellets. This was attributed 
to the formation of a leonardite-hydrated lime gel which had a tendency 
to lump prior to balling if not mixed properly. Another test was run 
wherein the leonardite and hydrated lime were mixed dry and then 
metered onto the feed. During this run the pellets were said to form 
normally and appeared to be of good quality. From these tests it was 
concluded that leonardite and hydrated lime are comparable to bentonite 
and soda ash binders, but that for successful operation the leonardite 
and lime must not be in contact with the concentrate for any long 
periods prior to balling.
CHAPTER III
MATERIALS
The leonardite used in this experimentation was obtained from 
a Baukol Noonan Company Mine, Section 7, Township 162, Range 94, Burke 
County, North Dakota. It was ground and screened to -325 mesh. 
Approximately 50 per cent of the ground material passed this mesh and 
was used in all subsequent experimentation. After air drying it was 
divided into representative samples by a riffle and sealed in con­
tainers for subsequent use. The material in each container was tested 
for moisture upon opening and at a later date with the results shown 
in Table 11 in Appendix A. There was no appreciable difference in 
moisture content between containers or within a container over a period 
of time. The average moisture content of the air dried leonardite used 
was 13.00 per cent.
The proximate and ultimate analysis of the leonardite used is 
given in Table 1. The amount of humic acid, total acidity, carboxyl 
acidity and hydroxyl acidity were run by K. P. Jhamvar using the method 
of Ubaldini (16). These results are shown in Table 2.
The pH of a sample of ten grams of leonardite used in the 
present research in 100 ml. of distilled water was found to be 4.5.
Analysis of the ash by X-ray fluorescence as determined at the 
U. S. Bureau of Mines Laboratory at Grand Forks, is given in Table 3.
10
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TABLE 1
PROXIMATE AND ULTIMATE ANALYSIS OF LEONARDITE*
Item Moisture Free Moisture Ash Free
Proximate Analysis Per Cent
Moisture
Volatile Matter 44.31 51.18
Fixed Carbon 42.28 48.82
Ash 13.41
Ultimate Analysis Per Cent
H 3.29 3.80
C 56.51 65.26
N 1.18 1.37
0 25.08 28.96
S 0.53 0.61
Ash 13.41
Heating Value-BTU 8,720 10,070
*Run by U. S. Bureau of Mines Laboratory at Pittsburgh.
TABLE 2
CHEMICAL ANALYSIS OF LEONARDITE
Item
Moisture Ash 
Free Basis
Humic Acids Per Cent 80.7
Total Acidity Mi llequivalents 
Leonardite
Per Gram 10.8
Carboxyl Acidity Millequivalents 
Leonardite
Per Gram 6.4
Hydroxyl Acidity Mi1leq uivalen ts Per Gram 4.4
Leonardite
12
TABLE 3
ANALYSIS OF LEONARDITE ASH
Item Per Cent of Ash
Loss on ignition at 800°C. 0.6
Silica, Si02 36.8
Aluminum oxide, AI2 O3 14.2
Ferric oxide, Fe2 O3 9.2
Titanium oxide, Ti 62 0.4
Phosphorous pentoxide, P2O5 0.5
Calcium oxide, Ca 0 16.3
Magnesium oxide, MgO 3.8
Sodium oxide, Na20 6.4
Potassium oxide, 1^0 0.5
Sulfur trioxide, SO3 8.4
Unaccounted 2.9
Total 100.0
All sodium and calcium hydroxide used in experimentation were
Mallinckrodt® Analytical Reagent grade. Water used was distilled and
demineralized.
CHAPTER IV
TERMINOLOGY, EQUIPMENT AND EXPERIMENTAL PROCEDURES
This chapter is divided into four sections, the first defining 
the terminology used in the thesis and the second discussing the equip­
ment used. The third and fourth sections describe the experimental 
procedure for preparing and testing sodium and calcium gels, respec­
tively.
Terminology
All samples consisted of at most the four ingredients: leo- 
nardite, sodium hydroxide, calcium hydroxide and water. The composi­
tion of a sample is given by three weight ratios:
1 . leonardite:water ratio
2. sodium hydroxide:leonardite ratio
3. calcium hydroxide:leonardite ratio
The leonardite:water ratio is defined as grams of leonardite 
per gram of water. The weight of leonardite is reported on the as 
used basis to an accuracy of 0.1 grams. Weight of water is computed 
from the volumes of water and 5N NaOH used in preparing a sample. 
Volumes were measured at 0°C with pipettes. The weight of sodium 
hydroxide used to determine the sodium hydroxide:leonardite ratio is 
computed from the volume of 5N NaOH solution used. The weight of 
calcium hydroxide was determined to an accuracy of 0 .1 grams.
13
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Reported viscosities in centipoises were obtained by applying 
the calibration described in the following section to the scale read­
ing of a Brookfield Viscometer. This indicated viscosity is herein 
termed "viscosity" or "gel viscosity."
Equipment
Viscosities were determined using a Brookfield Model RVT 
Viscometer. This instrument is equipped with seven spindles, num­
bered 1 through 7 in order of decreasing surface area. It has opera­
tional speeds of 100, 50, 20, 10, 5, 2.5, 1 and 0.5 revolutions per 
minute. The range of the viscometer is from 4 cp. to 8,000,000 cp. 
The viscometer was calibrated in Brookfield calibration fluids of 
101 cp., 1,000 cp., 12,400 cp., and 95,500 cp. with the results given 
in Table 12, Appendix B. All experimental viscosities are corrected 
for calibration inaccuracy using this data.
The water bath was maintained with ± 0.1°C. by an E. H. 
Sargent & Company Type NS1-12 Thermostat.
Procedure for Sodium Gels
The procedure described here is applicable to the study of 
leonardite-water-sodium hydroxide systems. The gels were compounded 
by forming a leonardite slurry in water and adding to it the amount 
of 5N NaOH solution necessary to give the desired final composition. 
First the leonardite was weighed in a 400 milliliter beaker to an 
accuracy of 0.1 grams. Water, at 0°C., was pipetted into a 600 
milliliter beaker. Leonardite was added quantitatively to the water 
in the 600 milliliter beaker with the aid of a rubber policeman and
15
a small brush. Most of the leonardite floated on the water. A variable 
speed mixer was used to stir the slurry until all the leonardite was 
wetted. Moving the beaker to contact the mixing blade with container 
walls and the water surface proved the most successful method to wet the 
leonardite.
The beaker containing the slurry was then secured in a water 
bath set at the desired final temperature, usually 35 ± 1°C. Stirring 
was maintained to prevent settling. Then the desired amount of 5N NaOH 
solution was pipetted at 0°C. into a 250 milliliter beaker located in an 
ice bath. When the slurry in the water bath reached a predetermined 
temperature such that the final temperature after mixing would equal the 
bath temperature, the NaOH solution was quickly added. A stopwatch was 
started simultaneously with this addition.
The reacting system was stirred for an additional three minutes. 
The temperature during this period was measured within 0.5°C. and 
recorded at appropriate intervals. A sample run was considered accept­
able if the following two criteria were met. First, the reacting system 
must reach thermal equilibrium with the water bath ± 1°C. within the 
three minute mixing period. Second, there must be less than one per 
cent by weight of unreacted or unwetted leonardite on later examination.
Upon completion of mixing, the stirring blade was removed and 
the viscometer inserted to measure the gel viscosity. Using the time 
of addition of NaOH as zero minutes, mixing was completed at three 
minutes. The first viscometer reading was taken at four minutes and 
a reading taken each minute thereafter until fifteen minutes had passed. 
The viscometer spindle was allowed to rotate in the fluid between
16
readings. The viscosity commonly reported in this paper is the viscosity 
measured at time of fourteen minutes, termed the fourteen-minute viscos­
ity. Reported with this viscosity is the viscometer rotational speed and 
spindles used, since the indicated viscosity is a function of both.
After the last viscosity reading was taken, the viscometer was 
removed from the gel. The gel temperature was measured and the sample 
beaker removed from the water bath. Later, the contents of the beaker 
were inspected for unwetted or unreacted leonardite.
Procedure for Calcium Gels
The procedure described here is applicable to the study of 
leonardite, water, sodium hydroxide, calcium hydroxide systems. Cal­
cium gels were formed by adding powdered calcium hydroxide to sodium 
gels which had been prepared and measured exactly as described in the 
previous section of this chapter.
Upon completion of measuring the sodium gel viscosity through 
fifteen minutes, the viscometer spindle was removed from the beaker. 
Material clinging to the spindle was quantitatively returned to the 
sample. The mixer was reinserted and the gel was stirred, still main­
taining the cumulative timing of the experiment. Calcium hydroxide 
was then added to the mixing gel, and the time was noted as the "time 
of addition." This time differed among the runs but was usually at 
seventeen or eighteen minutes.
Mixing was continued for three minutes after addition of calcium 
hydroxide or until a homogeneous mixture was obtained. Then the Brook­
field Viscometer was inserted and readings taken each minute, allowing 
the viscometer to rotate between readings. The viscosity reported is
17
that measured fourteen minutes after addition of calcium hydroxide and 
is termed the "calcium viscosity." Gel temperature was measured 
periodically, usually rising several degrees above the bath temperature 
of 35.0 ± 0.1°C. On completion of the run, the contents of the beaker 
and the spindle used to measure the sodium gel were inspected for un­
wetted or unreacted leonardite and calcium hydroxide. The history of a 
hypothetical run is given in Table 4 to aid understanding the timing.
There were three criteria for acceptance of a sample run.
First, the temperature of the sodium gel must have been in the range 
35 ± 1°C. at the time of addition of calcium hydroxide. Second, a 
homogeneous appearing mixture had to be obtained prior to measuring 
the "calcium viscosity." Third, there could not be more than one 
per cent by weight of unreacted or unwetted leonardite and calcium 
hydroxide as determined by weighing and visual examination.
TABLE 4
EXAMPLE OF A CALCIUM GEL SAMPLE RUN
Time
Minutes Operation
3
4-13
14
15
15-17
17
20
21-30
31
Add NaOH to mixing leonardite-water slurry to form 
sodium gel.
Stop mixing sodium gel and insert viscometer.
Record viscometer reading each minute.
Report "fourteen-minute viscosity."
Remove viscometer and insert mixer.
Mix sodium gel, record temperature.
Add Ca(0H)2 to mixing sodium gel, report "time of addition." 
Stop mixing calcium gel and insert viscometer.
Record viscometer reading each minute, record temperature. 
Report "calcium viscosity."
CHAPTER V
LEONARDITE-WATER SLURRIES
Preliminary to the study of sodium gel systems, slurries having 
leonardite:water ratios from 0.40 to 1.00 were mixed as described in 
Chapter IV and their viscosities measured at 35 ± 1°C. Reported vis­
cosity is that taken one minute after stirring was halted.
The results of these runs are summarized in Table 5. Slurry 
viscosity increased from 10 cp. at 0.40 ratio to 5,040 cp. at 1.00 ratio.
TABLE 5
VISCOSITY OF LEONARDITE-WATER SLURRIES
Leonardite: 
Water Ratio 
grams 
grams
Viscosity
Centipoises
Brookfield
Spindle
Number
Speed of 
Rotation 
RPM
0.40 10 2 100
0.50 19 2 100
0.60 53 2 100
0.80 1,010 2 20
0.90 2,800 2 10
1.00 5,040 2 5
These data are plotted on semi-logarithmic coordinates in Figure 1. Of 
greatest interest are the 0.4 and 0.5 ratio slurries since most of the 
sodium gels studied have these ratios. The viscosities of these
18
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slurries are quite low as compared with the viscosities of sodium gels. 
Also their viscosities decreased with time, while all gel viscosities 
were observed to increase.
The more highly concentrated slurries are of interest when con­
sidering calcium gels. The highest solids: water ratio studied with 
calcium gels was 0.8. Viscosity of several calcium gels exceeded 
8,000,000 cp., while the viscosity of a 0.8 leonardite:water ratio 
slurry was 1,010 cp. One may conclude that the high calcium gel 
viscosities cannot be attributed to slurry effects.
A factor limiting accuracy of these determinations was that of 
settling. Measured viscosities fell as much as 10 per cent between 
the initial reading and that taken one minute later.
The viscosities of the slurries are very likely to be a function 
of the spindle and speed of rotation used in their determination, there­
fore these data are included in Table 5.
*
CHAPTER VI
LEONARDITE-SODIUM HYDROXIDE-WATER GEL SYSTEMS 
(SODIUM GEL SYSTEMS)
The main experimental results of this research, the rheological 
properties of sodium gels, are presented in this chapter.
Upon addition of sodium hydroxide to a leonardite-water slurry 
the viscosity increase was nearly linear with time until a constant 
viscosity was reached. The time to reach this constant viscosity is 
estimated to be from one-half to two hours depending on the sample 
considered.
The fourteen-minute viscosity is reported since this is the 
estimated life span of a green iron ore pellet. However, it is 
believed that this viscosity is indicative of both the ultimate gel 
viscosity and the rate of gel formation. To obtain a high degree of 
reproducibility in gel viscosities, very close control of all experi­
mental variables was necessary. Due to non-Newtonian behavior, sodium 
gel viscosities reported are a function of the viscometer parameters 
of spindle size and speed of rotation. Hence, direct comparison of 
viscosities can be misleading. A characteristic of leonardite gels, 
not accurately determined in this research, was heat of reaction.
This heat was generated almost entirely within 15 seconds after addi­
tion of the sodium hydroxide to the slurry.
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The experimental results are given in four sections entitled:
1. Non-Newtonian and Thixotropic Behavior of Sodium Gels
2. Reproducibility
3. Effect of Temperature on Gel Viscosity
4. Effect of Composition on Gel Viscosity
Non-Newtonian and Thixotropic Behavior of Sodium Gels
It was found experimentally that sodium gels exhibit the prop­
erties of non-Newtonian and thixotropic behavior. Therefore, viscos­
ities reported in this thesis are a function of the Brookfield spindle 
size and speed of rotation.
An experiment, designated sample run number L-2, was carried 
out to study these characteristics. This sample, with a composition 
of 0.35 leonardite:water ratio and 0.10 sodium hydroxide:leonardite 
ratio was prepared and its fourteen-minute viscosity measured at 
35 ± 1°C. exactly as described in Chapter IV. Then, however, time 
and viscosity measurements were continued over the next eight hours.
Spindle 4 and 20 rpms was used from 4 minutes to 15 minutes, 
then spindle 7 at 100 rpms from 16 to 120 minutes. Brookfield readings 
were made each minute allowing the spindle to rotate between readings. 
The fourteen-minute viscosity was 4,530 cp. as compared to a mean vis­
cosity of 4,310 cp. established by 13 replicate sample runs. It was 
found that the measured viscosity increased more or less linearly with 
time from 6,900 cp. at 20 minutes to a maximum of 15,700 cp. at 60 
minutes. Over the next 60 minutes the viscosity decreased steadily to 
12,800 cp. at 82 minutes, increased rather sharply to 14,400 cp. at 88 
minutes and gradually increased to 15,700 cp. at 120 minutes.
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While spindle 7 remained in the gel, speed of rotation was 
reduced successively from 100 to 50, 20, 10, 5, 2.5, 1 and 0.5 rpms. 
readings being allowed to reach steady state at each speed. The 
steady state viscosities are plotted as a function of rotational 
speed in Figure 2. These viscosities can be seen to increase smoothly 
as rotational speed is reduced. This is a clear indication of non- 
Newtonian behavior, since a Newtonian fluid would display the same 
viscosity at all rotational speeds.
The elapsed time at this point in the experiment was circa 300 
minutes. To determine whether the sample viscosity had changed with 
times since 120 minutes, spindle 7 was removed, cleaned and reinserted 
in a new position. The steady state viscosity was found to be 14,100 
cp. This was immediately repeated, measuring the viscosity at a new 
position in the sample. The steady state viscosity was 13,500 cp.
More than two hours later, following other tests on the sample, steady 
state viscosity was found to be 15,800 cp. using spindle 7 at 100 rpms. 
The differences in steady state viscosities thus determined are con­
sidered minor when compared to the effects of non-Newtonian behavior. 
These small differences could in fact be attributed to thixotropic 
behavior, which predicts gel viscosity is a function of its handling 
history. It is therefore concluded that gel viscosity was not a 
function of time during the experimental period from 120 to 480 
minutes. Hence the viscosity determination made during this time 
are a good measure of the effects of variable spindle and speed of 
rotation.
During the period from 340 to 470 minutes, spindles 4, 5 and 
6 were studied in a manner similar to spindle 7. Steady state
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viscosities were determined and also plotted in Figure 2. Measured 
gel viscosity is a function of both spindle size and rotational speed. 
Most evident is that relatively high viscosities are obtained using 
low speeds.
One must conclude from this experiment that a sodium gel has 
a viscosity profile in terms of spindles and speeds. Therefore, all 
subsequent viscosity data includes the spindle number and speed of 
rotation used in the determinations.
Reproducibility
Reproducibility of results of a gel composition of 0.35 
leonardite:water ratio and 0.10 sodium hydroxide:leonardite ratio 
using the experimental procedure described in Chapter IV was estab­
lished by thirteen sample runs. The results are given in Table 6 
in order of decreasing viscosity. Spindle 4 at 20 rpms. was used 
for all determinations. The temperature range is the temperature 
of the gel before taking the first viscosity reading and the temper­
ature immediately after the last reading. The material loss is that 
amount of leonardite found after a run that appeared in an unreacted 
or granular form. Considering all sodium gel sample runs, the 
greatest loss was 0.8 grams of leonardite; in no other run did the 
loss exceed 0.4 grams and in most cases was negligible.
The mean fourteen-minute viscosity is 4,310 cp. with a standard 
deviation from the mean of 706 cp. Viscosities ranged from 3,230 cp. 
to 5,540 cp. The ratio of these extreme viscosities is 1.72. A similar 
ratio for all replicate runs made at other compositions does not exceed
1.57.
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TABLE 6
REPRODUCIBILITY OF GEL VISCOSITY*
Sample Run 
Run
14 Minute 
Viscosity
Temperature
Range
Grams
Material 
Losses in 
Grams
Spindle
Number
Speed
in
RPMS
1 1 1 5,540 35.5 - 35.0 0 .1 4 20
L-l 5,430 35.0 - 35.0 Negligible 4 20
110 5,030 35.0 - 35.0 0.3 4 20
115 4,850 35.0 - 35.0 0.3 4 20
L-2 4,530 35.0 - 35.0 Negligible 4 20
116 4,380 35.5 - 35.0 0 .1 4 20
114 4,130 35.5 - 35.0 0.2 4 20
118 3,950 35.0 - 35.0 0 .1 4 20
112 3,940 35.0 - 35.0 0.3 4 20
113 3,940 35.0 - 35.0 0 .1 4 20
119 3,570 35.0 - 35.0 0.3 4 20
117 3,540 35.0 - 35.0 0.3 4 20
120 3,230 36.0 - 35.5 0.4 4 20
Mean 4,310
*For a composition of 0.35 leonardite:water ratio and 0.10 sodium 
hydroxide:leonardite ratio.
Effect of Temperature on Gel Viscosity 
The effect of temperature on sodium gel viscosity is shown in 
Figure 3 and presented in Table 7. Figure 3 is a semi-logarithmic plot 
of viscosity versus temperature for a leonarditerwater ratio of 0.35 
and a sodium hydroxide:leonardite ratio of 0.10 at temperatures of 
25°C., 35°C., and 45°C. The average gel viscosity at 25°C. is 80,500 
cp., at 35°C. 4,310 cp., and at 45° C. 690 cp.
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TABLE 7
EFFECT OF TEMPERATURE ON SODIUM GEL VISCOSITY
Sample Run 
Number
Leonardite:
Water Ratio
grams
grams
Sodium Hydroxide: 
Leonardite Ratio
Fourteen
Minute
Viscosity
Centipoises
Temperature 
Range °C
Brookfield
Spindle
Number
Viscometer
Rotational
Speed
RPM
T-l 0.350 0.100 770 A5.0 - A5.0 A 20
T-2 0.350 0.100 610 A5.5 - A5.0 A 20
T-3 0.350 0.000 1A A5.0 - AA.5 2 100
Mean of 13 
Runs
0.350 0.100 A, 310 36.0 - 35.0 A 20
T-A 0.350 0.100 10A.000 25.5 - 25.5 A 1
T-5 0.350 0.100 53,900 25.5 - 26.0 6 10
T-6 0.350 0.100 83,600 25.0 - 25.5 6 10
T-7 0.350 0.000 16 25.0 - 25.0 2 100
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Due to the range in viscosity considered, all measurements 
could not be made at the same spindle and rotational speed. Hence, 
non-Newtonian behavior distorts the comparison between viscosities at 
low temperatures to those at high temperatures. It is estimated, 
using data from Figure 2 that if the gel viscosity at 25°C. had been 
measured using spindle 4 at 20 rpms it would have been 25,000 cp.
Effect of Composition on Gel Viscosity 
The range of leonardite:water ratios to be studied was estab­
lished by preliminary runs at leonardite:water ratios varying from 
0.10 to 0.34 using a sodium hydroxide:leonardite ratio of 0.08. The 
results of these runs, listed in Table 8, indicated that appreciable 
viscosities were not achieved at leonarditerwater ratios of 0.30 or 
less. Hence, it was decided to study sodium gel systems having 
leonardite:water ratios of 0.35, 0.40 and 0.50. The sodium hydroxide: 
leonardite ratios studied ranged from 0.0 to 0.5. The gels were 
studied at a temperature of 35 ± 1°C, which was convenient because of 
the heat of reaction encountered. The experimental procedure used 
was that described in Chapter IV. The results of the study are listed 
in Table 9 and plotted in semi-logarithmic coordinates in Figure 4, 
where replicate runs are averaged.
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TABLE 8
PRELIMINARY STUDY OF EFFECT OF LEONARDITE:WATER 
RATIO ON VISCOSITY
Sample Run 
Number
Leonardite: 
Water Ratio
Sodium Hydroxide: 
Leonardite Ratio
Fourteen Minute
Viscosity
Centipoises
11 0.10 0.08 12
12 0.14 0.08 14
13 0.18 0.08 15
14 0.20 0.08 18
15 0.24 0.08 19
16 0.28 0.08 27
21 0.30 0.08 49
17 0.32 0.08 1,350
22 0.34 0.08 3,760
TABLE 9
SODIUM GEL VISCOSITIES
Sample Run Leonardite: Sodium Hydroxide: Fourteen
Number Water Ratio Leonardite Ratio Minute
Viscosity
Centipoises
121 0.350 0.050 32
1 1 1 0.350 0.100 5,540
L-l 0.350 0.100 5,430
no 0.350 0.100 5,030
115 0.350 0.100 4,850
L-2 0.350 0.100 4,530
116 0.350 0.100 4,380
114 0.350 0.100 4,130
118 0.350 0.100 3,950
112 0.350 0.100 3,940
113 0.350 0.100 3,940
119 0.350 0.100 3,570
117 0.350 0.100 3,540
120 0.350 0.100 3,230
122 0.351 0.150 86
137 0.351 0.150 84
123 0.351 0.200 72
135 0.351 0.200 78
S-l 0.400 0.000 17
Z-14 0.400 0.010 15
Z-12 0.400 0.030 31
Z-15 0.400 0.030 27
Brookfield
Spindle
Number
Speed of 
Rotation 
RPM
"Corrected
Viscosity"
Centipoises
2 100
4 20
4 20
4 20
4 20
4 20
4 20
4 20
4 20
4 20
4 20
4 20
4 20
4 20
2 100
2 100
2 100
2 100
2 100
2 100
2 100
2 100
TABLE 9— Continued
Sample Run 
Number
Leonardite: 
Water Ratio
Sodium Hydroxide: 
Leonardite Ratio
Fourteen
Minute
Viscosity
Centipoises
Brookfield
Spindle
Number
Speed of 
Rotation 
RPM
"Corrected
Viscosity"
Centipoises
Z-17 0.400 0.030 22 2 100
124 0.400 0.050 62 2 100
139 0.400 0.050 76 2 100
Z-8 0.400 0.050 78 2 100
Z-10 0.400 0.050 59 2 100
Z-13 0.400 0.050 61 2 100
Z-16 0.400 0.050 64 2 100
141 0.401 0.080 260,000 7 10 261,000
142 0.401 0.090 325,000 7 100 325,000
125 0.401 0.100 855,000 7 2.5 210,000
146 0.401 0.100 884,000 7 2.5 215,000
145 0.401 0 .110 218,000 7 10 218,000
147 0.401 0 .110 312,000 6 2.5 265,000
143 0.401 0.120 20,200 7 100 118,000
150 0.401 0.120 32,200 6 20 74,000
138 0.401 0.150 560 4 100
127 0.401 0.200 190 2 100
136 0.401 0.200 196 2 100
154 0.401 0.200 190 2 100
Z-ll 0.401 0.200 229 2 50
Z-19 0.401 0.200 183 2 100 610*
Corrected to spindle 2 at 20 RPM.
Z-3
Z-4
Z-5
Z-6
Z-7
Z-9
153
148
152
129
144
132
133
151
149
140
TABLE 9— Continued
Leonardite: 
Water Ratio
Sodium Hydroxide: Fourteen
Leonardite Ratio Minute
Viscosity
Centipoises
Brookfield.
Spindle
Number
Speed of 
Rotation 
RPM
0.402 0.300 1,140 2 20
0.402 0.300 1,300 2 20
0.402 0.300 1,030 2 20
0.402 0.300 1,180 2 20
0.402 0.300 1,200 2 20
0.402 0.300 1,030 2 20
0.403 0.500 818 2 20
0.501 0.050 49,800 5 5
0.501 . 0.050 40,200 5 5
0.501 0.100 >8,000,000 7 0.5
0.501 0.100 >8,000,000 7 0.5
0.501 0.150 72,200 7 . 20
0.501 0.150 75,800 7 20
0.501 0.150 113,000 7 20
0.501 0.150 146,000 6 5
0.502 0.200 8,460 2 20
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Figure 4 shows that fourteen-minute gel viscosity increases with 
increasing leonardite:water ratios at all sodium hydroxide:leonardite 
ratios. More interesting is the fact that viscosity reaches a maximum 
between sodium hydroxide:leonardite ratios of 0.08 and 0 .12 for all 
three leonardite ratios studied. This agrees with the fact that the 
strongest sodium gel bound iron ore pellets had a sodium hydroxide: 
leonardite ratios from 0.08 to 0.11, as pointed out in Chapter II.
The highest viscosity measured was in excess of the 8,000,000 
cp. limit of the viscometer.
Viscometer readings could not be made using a single spindle 
and speed due to the wide range of "viscosities encountered. Hence 
non-Newtonian behavior becomes a factor when comparing viscosities.
To facilitate comparison a "corrected viscosity" was calculated, 
correcting the observed data to a hypothetical viscosity that would 
be expected with spindle 7 at 10 rpms using the relationship of 
Figure 2. This corrected viscosity, listed in Table 9, tends to 
raise lower viscosities and reduce higher ones. A corrected value 
for all viscosities could not be calculated due to the limited range 
of viscosity covered by Figure 2.
The experimental results presented here are explainable in 
terms of the reaction of calcium with humic acid molecules to form 
a gel—like network. The action of NaOH is to solubilize the 
leonardite and make carboxyl ion reaction sites on humic acid 
available to calcium ions. As mentioned in Chapter II there is 
little evidence that calcium ions react with humate phenolic groups.
It was noted in the discussion of previous work that humic 
acids in leonardite are probably bound in the form of calcium humates.
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Calculations based on the analyses presented in Chapter III show that 
there is one mole of calcium present in this sample of leonardite for 
every thirteen moles of carboxyl groups. Then, if one assumes a re­
acting unit the order of magnitude proposed by Fowkes and Frost in 
Chapter II, there is approximately one atom of calcium available per 
molecule of humic acid.
When the -325 mesh leonardite particles are added to water 
some reaction occurs between humic acid carboxyl groups and water as 
evidenced by pH measurements, but the leonardite remains essentially 
in particulate form and will settle out. Upon addition of sodium 
hydroxide up to 0.05 sodium hydroxide:leonardite ratio, some particle 
breakup and solubilization occurs. The heat generated at all sodium 
hydroxide:leonardite ratios is attributed mainly to the reaction of 
hydroxyl ions with humic carboxyl groups to form water and an ionized 
humic acid. To a lesser extent the heat may be due to the replace­
ment of calcium ions on humic acid with sodium ions. Assuming the 
reaction RCOOH + OH- — RCOO- + ^ 0  goes to completion, at a 
ratio of 0.05, only about 28 per cent of the carboxyl groups are 
ionized and available to react with calcium ions. It must be noted 
also that humate phenolic groups can react with hydroxyl ions, poten­
tially reducing the amount of ionized carboxyl groups. As is pointed 
out in Chapter II it is unlikely that calcium reacts with phenolic 
groups. This explains the low viscosities indicating a lack of gel 
formation at NaOH:leonardite ratios of 0.05 and under.
As the amount of NaOH is increased to ratios between 0.08 and 
0.12 a theoretical 45 per cent to 67 per cent of the humate carboxyl 
groups could be ionized. This would indicate that microparticles of
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leonardite are likely to be completely broken up and the humates solu­
bilized. More important, many more sites are available.for the gelling 
reaction:
RiCOO^
R1 COOCa+ + R COCT ---- >- Ca
1 r2coo''
where Rj and R£ represent two individual humic acid molecules. This 
reaction proceeds to form a latticelike structure. The work by Khanna, 
et al., cited in Chapter II which states that calcium reacts most 
strongly with intermediate or secondarily ionized carboxyl groups, 
would also lead one to predict a high gel strength in this region. 
Viscosity measurements indicate a strong rapidly forming gel in this 
range of sodium hydroxide:leonardite ratios.
When the sodium hydroxide ."leonardite ratio exceeds 0.15, two 
effects limit the extent of gel formation. First, the competition 
for sites between calcium ions and sodium ions is shifted in favor 
of sodium. The ratio of moles of sodium to moles of calcium is 
approximately ten to one at a sodium hydroxide:leonardite ratio of 
0.15. Second, calculations show that at a sodium hydroxiderleonardite 
ratio of 0.31, there are enough hydroxyl ions present to neutralize 
all humic carboxyl and phenolic groups. Such highly ionized humic 
acid molecules would tend to repel each other, inhibiting the forma­
tion of a gel network. Again Khanna's work lends credence to the 
proposed theory by indicating that calcium reacts less strongly 
with the last ionized carboxyl groups in humic acid.
Decrease in gel viscosity with decreasing leonardite concentra­
tion is easily explainable. At lower leonardite concentrations potential
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reacting molecules are farther apart, giving statistically few chances 
for collision. The increased amount of water present tends to solvate 
and isolate the molecules from one another, weakening the gel network.
It is concluded that the success of a leonardite-sodium hydrox­
ide pellet binder is dependent on the three main factors. First, the 
sodium hydroxide:leonardite ratio must lie in a narrow range to achieve 
the highest strengths. This range would undoubtedly be different for 
various leonardites. Viscosity testing of sodium gels would be useful 
in this respect in commercial applications. Second, good mixing is 
essential to be sure all the leonardite used is thoroughly wetted, 
brought into contact with the caustic and evenly distributed in the 
iron ore. The third and possibly most telling factor is that high 
leonardite:water ratios are essential to the formation of strong gels. 
In present commercial operations the water content of the iron ore 
concentrate is variable and is determined by the efficiency of filtra­
tion. If it is assumed all the water in the concentrate is available 
to the sodium gel system the leonarditerwater ratio in a typical opera­
tion would be approximately 0.1 , far below that necessary for high 
strength gel formation. However all the moisture in the filter cake 
may well not be available to the binder.
It is believed that with improved filtering techniques, pre­
wetting of leonardite, addition of sodium hydroxide in a strong solu­
tion and adequate mixing techniques that the sodium gel system could
be used as a commercial taconite binder.
CHAPTER VII
LEONARDITE-SODIUM HYDROXIDE-CALCIUM HYDROXIDE- 
WATER GEL SYSTEMS (CALCIUM GEL SYSTEMS)
To study the effect of adding calcium hydroxide to sodium gels, 
"calcium gel" systems were prepared and measured as described in Chap­
ter IV. The leonardite:water ratio in all sample runs was 0.40.
Sodium hydroxide:leonardite ratios were varied from 0.00 to 0.30 and 
calcium hydroxide:leonardite ratios from 0.10 to 0.70. Results of 
these experiments are listed in Table 10.
In Table 10 an "extropolated sodium gel viscosity" is included. 
This was obtained graphically by extropolation of the viscosity versus 
time curve for the sodium gel, to the time the "calcium viscosity" was 
measured. This value gives an indication what the viscosity would 
have been had no calcium hydroxide been added and thereby serves as a 
basis of evaluating the overall effect of adding calcium hydroxide.
The calcium gel temperature is reported in Table 10 along with 
the time it was measured. In each case this is the first temperature 
measured and also the highest reached. In all sample runs the sodium 
gel was within 35 + 1°C. when the calcium hydroxide was added.
Sample runs in Table 10 are listed first in order of increasing 
sodium hydroxide:leonardite ratio and second in order of calcium 
hydroxide:leonardite ratio.
Figure 5 is a plot in triangular coordinates of calcium gel
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TABLE 10
CALCIUM GEL VISCOSITIES
Sample
Run
Number
Leonardite: 
Water Ratio
NaOH:
Leonardite
Ratio
Ca(OH),
Leonarc
Ratio
, Sod. Gel. 
lite 14 Min.- 
Visc. In 
Cent.
Extrop. 
Sod. Gel 
Vise. In 
Cent.
Calcium 
. Vise. In 
i Cent.
"Time of 
Add." 
Ca(0H) 2 
in Min.
Brook. 
Spind. 
Number
Speed
In
RPM
Cal. Gel. 
Temp. (°C. ) 
at Time 
Indicated 
(Min.)
Z-20 0.400 0.000 0.500 17 17 51 0 2 100 39.5 at 2
Z-14 0.400 0.010 0.500 15 18 234 18 4 100 39.0 at 23
Z-21 0.400 0.030 0.300 62 32 >8,000,000 18 7 0.5 39.0 at 24
Z-10 0.400 0.050 0.100 59 79 210 17 2 100 36.0 at 19
Z-16 0.400 0.050 0.300 64 75 >8,000,000 18 7 0.5 39.0 at 34
Z-8 0.400 0.050 0.500 79 100 >8,000,000 17 7 0.5 38.5 at 29
Z-18 0.401 0.100 0.100 245,000 340,000 278,000 18 7 10 39.0 at 29
Z-19 0.401 0.200 0.300 183 183 >8,000,000 18 7 0.5 37.0 at 32
Z-ll 0.401 0.200 0.500 229 229 >8,000,000 17 7 0.5 35.0 at 31
Z-6 0.402 0.300 0.100 1,180 1,360 42,600 19 7 20 35.0 at 53
Z-5 0.402 0.300 0.200 1,130 1,100 76,200 20 7 20 35.0 at 43
Z-7 0.402 0.300 0.340 1,050 1,300 105,000 30 7 20 35.0 at 41
Z-3 0.402 0.300 0.500 1,140 1,280 132,000 20 7 20 34.0 at 55
Z-4 0.402 0.300 0.600 1,300 1,300 163,000 23 7 20 34.5 at 33
Z-7 0.402 0.300 0.700 1,200 1,280 302,000 18 7 10 Not Available
Z-9 0.402 0.300 0.700 1,030 1,260 153,000 18 7 20 Not Available
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sample run composition in per cent by solid weight. The plot covers 
leonardite percentages ranging from 50 to 100, calcium hydroxide per­
centages ranging from 0 to 50 and sodium hydroxide percentages ranging 
from 0 to 50. The percentages were determined by summing the weight of 
as used leonardite, calcium hydroxide and sodium hydroxide used in a run 
and dividing this into the weight of each component and multiplying by 
100. Viscosities, rounded to two significant figures, are listed on 
the plot adjacent to the sample composition. Figure 5 includes all 
data presented in Table 10 and data pertaining to systems having zero 
per cent calcium hydroxide from Table 9.
The plot is divided into three regions by constant viscosity 
lines of 100,000 cp. and 8,000,000 cp. The regions are: less than 
100,000 cp., between 100,000 cp. and 8,000,000 cp. and over 8,000,000 
cp. Results of the calcium gel experiments are best interpreted in 
terms of these regions.
It can be seen there is a minimum amount of sodium hydroxide 
necessary to form a high viscosity gel. This is attributable to the 
necessary solubilization of leonardite as discussed in Chapter VI.
High viscosity gels, ie. over 8,000,000 cp., having less than five 
per cent content of sodium hydroxide were coarse and granular in texture. 
This is probably attributable to the incomplete solubilization of the 
leonardite particles. All other gels formed had a smooth texture.
Gels having a sodium hydroxide solid content of over 15 per cent 
lie outside the high viscosity region, in agreement with the theory pre­
viously discussed that too high a ratio of sodium to calcium and too 
much ionization of carboxyl and phenolic groups inhibit gel formation.
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The composition range to achieve good gel quality and high vis­
cosity appears to be between eight and twelve per cent sodium hydroxide. 
Here a tenacious gel is formed with relatively small amounts of calcium 
hydroxide. This is again in agreement with the results and reaction 
theory presented in Chapter VI.
It should be noted here the order of addition of reactants is 
important. A sample run was made starting with an initial solids 
composition of 67 per cent leonardite and 33 per cent calcium hydroxide 
This sample was adjusted to 66 per cent leonardite, 27 per cent calcium 
hydroxide and 7 per cent sodium hydroxide by addition of leonardite and 
sodium hydroxide. The resulting viscosity was 1,100 cp., whereas one 
would expect the viscosity to exceed 8,000,000 cp.
One can conclude that a knowledge of sodium gel properties is 
valuable to the prediction of calcium gel properties. The highest 
quality, most viscous calcium gels are formed by adding calcium 
hydroxide to sodium gels having sodium hydroxiderleonardite ratios in 
a definite range. This range is 0.1 to 0.2 for the particular leo­
nardite tested.
Since calcium gels develop very high viscosities at lower 
leonardite:water ratios and over a wider composition range than 
sodium gels, they may be preferable as an iron ore binder. However, 
good mixing technique is as much a factor here as with sodium gels.
CHAPTER VIII
SUMMARY
An experimental procedure was developed giving good reproduci­
bility in the study of sodium gels (leonardite, NaOH, H2O) and calcium 
gels (leonardite, NaOH, Ca(0H)2, ^0) . Sodium gels were found to be 
non-Newtonian and thixotropic. Viscosities of sodium gels were seen 
to increase linearly with time over a period of interest (15 minutes). 
Viscosity also increased with increasing leonardite:water ratios at 
all sodium hydroxide ratios. No gelling was noted at leonardite:water 
ratios below 0.30. Maximum sodium gel viscosities were attained be­
tween sodium hydroxide:leonardite ratios of 0.08 and 0.12. Gel forma­
tion was attributed to the reaction.
R. COO ^
R1C00Ca+ + R C00~ --Ca
2 r2coox
In this reaction R-^ and R^ denote two individual humic acid molecules, 
Sodium hydroxide acted mainly to break up particles and solubilize the 
leonardite. Too much caustic tended to inhibit the gelling reaction.
Calcium gels were formed by adding calcium hydroxide to sodium 
gels. Gel quality was mainly a function of sodium hydroxide content. 
Viscosity was found to be dependent on both the amount of calcium 
hydroxide and sodium hydroxide. Calcium gels could not be formed 
unless leonardite was first treated with sodium hydroxide.
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It was determined that calcium gels develop greater strength at 
lower leonardite:water ratios than sodium gels and hence may be prefer­
able as binders. However, adequate mixing and optimum compositions 
were imperative to both systems.
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Moisture Testing
A one gram sample of leonardite was taken from each storage 
container immediately on its opening. The samples were dried at 
105°C for one hour to determine the moisture content with the results 
shown in Table 11. The leonardite was removed from the storage con­
tainers and placed in glass jars for use during experimentation. 
Similar moisture tests were run on the leonardite from the jars at a 
later date to determine whether the moisture content had changed 
appreciably. These results are also shown in Table 11. It is con­
cluded that moisture content was not appreciably different among 
containers and did not change significantly over a period of time.
TABLE 11
MOISTURE TESTING OF LEONARDITE
Container Date Per Cent H^O Per Cent H„0 in Jar
Number Opened on Opening Sample on Date Shown
1 7/21/67 12.55 12.70 on 7/27/67
2 7/24/67 12.28 12.50 on 7/27/67
3 8/14/67 13.10 13.00 on 7/27/67
4 8/15/67 12.81 12.75 on 8/27/67
5 8/15/67 13.29 12.75 on 8/27/67
6 8/21/67 13.50 12.85 on 8/27/67
7 8/22/67 13.05 12.55 on 8/27/67
8 8/23/67 13.05 12.75 on 8/27/67
9 8/24/67 12.95 12.52 on 8/27/67
10 8/28/67 13.68
11 8/30/67 13.08
12 8/30/67 12.83
13 9/6/67 12.80
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Brookfield Calibration
Table 12 shows the results of calibration of the Brookfield 
Model RVT Viscometer in Brookfield viscosity standards of 101, 1,000, 
12,400 and 95,500 cp. at 25 ± 1°C. The indicated viscosities are 
those calculated from the viscometer scale reading using the calibra­
tion supplied by the manufacturers as listed in Table 13. Dashes in 
the table indicate scale readings less than 5 per cent of full scale 
or readings exceeding 100 per cent full scale.
TABLE 12
CALIBRATION OF BROOKFIELD MODEL RVT VISCOMETER
Speed of Rotation
Spindle
Number
Viscosity
Standard
Centipoises 100 50 20 10
RPM
5 2.5 1 0.5
2 101 143 114 104 _ _ _
1,000 - - 1,000 1,000 1,000 1,000 - -
12,400 - - - - - 12,100 12,100 12,200
95,500 - - - - - - - —
3 101 125 106 - - - - -
1,000 1,000 1,010 1,0 10 1,000 1,000 - - -
12,400 - - - 12,400 12,400 12,400 12,400 -
95,500 - - - - - - - 101,000
4 101 116 - - - - - - -
1,000 1,010 1,0 10 1,010 1,020 - - - -
12,400 - - - 12,400 12,400 12,400 12,400 -
95,500 - - - - - - 99,400 100,000
5 101 - - - - - - - -
1,000 1,0 10 1,000 1,000 - - - - -
12,400 - - 12,400 12,400 12,400 12,300 - -
95,500 - - - - - 99,200 99,200 99,200
6 101 - - - - - - - -
1,000 1,040 1,040 - - - - -
12,400 - 12,600 12,600 12,500 12,400 - - -
95,500 - - - - 106,000 101,000 100,000 100,000
7 101 - - - - - - - -
1,000 - - - - - - - -
12,400 12,800 12,800 12,800 - - - - -
95,500 - - 96,000 96,000 96,000 96,000 - -
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TABLE 13
BROOKFIELD CALIBRATION FACTORS 
(as supplied by manufacturer)
Speed (RPM) and Factor
Spindle
Number 100 50 20 10 5 2.5 1 0.5
2 4 8 20 40 80 160 400 800
3 10 20 50 100 200 400 1,000 2,000
4 20 40 100 200 400 800 2,000 4,000
5 40 80 200 400 800 1,600 4,000 8,000
6 100 200 500 1,000 2,000 4,000 10,000 20,000
7 400 800 2,000 4,000 8,000 16,000 40,000 80,000
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Suggestions for Future Experimentation
The most interesting experiment that can be suggested is the 
reaction of calcium free extracted humic acid with sodium hydroxide 
to test the reaction hypotheses put forth in Chapters VI and VII.
If high viscosities were achieved with only monovalent sodium cations 
present, rethinking of the gelling mechanism would be in order.
The most obvious extension of the present work would be the 
preparation and study of calcium gels at lower leonardite:water ratios, 
better approximating commercial pelletizing conditions. It is recom­
mended that calcium hydroxide be added, in the form of a concentrated 
slurry to assure a more homogeneous mixture. Some experimentation was 
done to determine the effect of mesh size of leonardite on gel 
viscosity, with the tentative conclusion there was no effect. It 
would seem that this relationship should be established. It would be 
well to know the effect of leonardite from different sources. Estab­
lishing a correlation between fourteen minute and ultimate viscosities 
may be valuable.
Probably the most fruitful field of investigation would be the 
addition of other reagents to leonardite-water system. Utilization of 
the considerable research done on humic acids in relation to soil 
chemistry may suggest additives.
Wetting of leonardite and overall good mixing is a problem area 
in both gel experimentation and in pelletizing. Hence work in this 
area would be of value. Possibilities include use of a wetting agent 
for leonardite, development of a simple method of "wetting" leonardite 
with a minimal amount of water and testing of various mixer geometries.
54
Study of gel viscosities over 8,000,000 cp, is not possible using 
conventional Brookfield spindles. Some tests were run to try out the 
helipath stand and T-bar spindles provided with the viscometer. This 
method could be successful if a "deep" container were used to allow a 
long spindle travel and if only steady state viscosities were studied. 
However, "gels" in this high viscosity range behave more like solids 
than fluids. It is therefore suggested that consideration be given to 
other test methods, possibly those applicable to solids. Also in con­
nection with very high viscosity gels, ordinary laboratory type mixers 
are not powerful enough to mix them uniformly.
Some puzzling results in the present experimentation may be 
worthy of further investigation. No reason can be given for the impor­
tance of the order of reagent addition as discussed in Chapter VII.
It is not known whether there is an actual dip in viscosities between 
sodium hydroxide:leonardite ratios of 0.15 and 0.30. If so, this may 
give some insight concerning the reactions involved.
The possibility of relating viscosity measurements to molecular 
weight of the humic-calcium "polymers" using the Staudinger (17) rela­
tionship was considered at one point in the experimentation. This 
relationship is: (v) = KMa, where (v) is the limiting viscosity, K is 
a constant, M is molecular weight and a is a function of polymer geome­
try. It was decided that this was beyond the scope of the present 
research, but could be a topic for future study.
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